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PlioceneFor the ﬁrst time a palaeobiogeographic framework is proposed for European Neogene freshwater systems. The
distribution of 2226 species-group taxa of freshwater gastropods from over 2700Miocene and Pliocene localities
was evaluated. The localities were grouped into palaeo-freshwater systems based on latest palaeogeographic
reconstructions. Cluster analyses were computed for four time slices, i.e., Early Miocene, Middle Miocene, Late
Miocene, and Pliocene. The analyses demonstrate a generally high degree of provincialism for theNeogene fresh-
water systems and allow the deﬁnition of biogeographic units. The delimitations are based on the cluster analy-
ses, the degree of endemicity, and geographical coherence. The EarlyMiocene is characterised by a relatively low
degree of provincialism suggesting the distinction of three regions. Coinciding with the development of many
endemic systems on the Dinarian–Anatolian Island and in central Europe, the Middle Miocene demonstrates a
higher degree of provincialism, allowing the deﬁnition of six biogeographic regions. With the onset of the Late
Miocene the retreat of the Central Paratethys and development of the huge Lake Pannonmassively shaped faunal
evolution and palaeobiogeography in general. The formation of the ‘Lago-mare’ environment fringing the
Mediterranean Basin as well as the development of several restricted freshwater systems in western Europe
additionally promoted biogeographic division. The increasing provincialism allowed the delimitation of six
biogeographic regions, three of which could be subdivided into seven dominions. With the disappearance of
Lake Pannon and the decline ofwestern European andMediterranean faunas at theMiocene–Pliocene boundary,
biodiversity hotspots shifted towards eastern and southeastern Europe. For the Pliocene, four biogeographic
regions, ﬁve dominions, and four provinces were deﬁned.
Most of the here proposed biogeographic units and faunal differences are governed by the varied existence
of large, long-lived systems. Because of their prolonged duration they immensely inﬂuenced the community
composition on the family level, differences of the relative species richnesses per biogeographic region, and
the rising rate of endemicity. The underlying mechanism for this pattern is the ongoing continentalization of
Europe triggered by the Alpidic orogenesis and the simultaneous retreat of the Paratethys Sea. The continuing
restriction of this huge intracontinental sea from theMediterranean promoted the evolution of endemic freshwa-
ter faunas. The arising long-lived systems like Lake Pannon, Lake Dacia or Lake Slavonia persisted over several
millions of years and stimulated the evolution of highly diverse and endemic faunas.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Contents
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Freshwater systems are centres of global biodiversity. Despite cover-
ing an area of only 0.8% of Earth's surface, freshwater ecosystems are
estimated to harbour at least 100,000 animal and plant species, or near-
ly 6% of all described species (Dudgeon et al., 2006). Abell et al. (2008)
established a biogeographic framework for the extant freshwater
ecoregions of the world based on the distribution of freshwater ﬁsh. A
similar approach was presented by Reyjol et al. (2007) on the European
scale. Beyond that, several studies exist discussing general global patterns
and their evolutionary background, partly also incorporating data from
the fossil record (Starobogatov, 1970; Gray, 1988; Taylor, 1988; Strong
et al., 2008). However, studies explicitly examining biogeographic rela-
tionships of fossil freshwater faunas are scarce and usually lack a statis-
tic approach. The fossil freshwater record is regularly biassed towards
lowland and lake deposits, while many other habitats, like springs or
groundwater, which accommodate high gastropod diversities, are un-
derrepresented (Strong et al., 2008). Moreover, when going further
back in time, preservational issues additionally hamper sound estima-
tions and reconstructions of freshwater biodiversity.
The ﬁrst to ever investigate biogeographical relationships between
fossil European continental freshwater bodies based on statistical anal-
yses were Harzhauser and Mandic (2008). They demonstrated a high
degree of provincialism of freshwater gastropods for 12 selected lake
systems of the Neogene period. Unlike most other stratigraphic inter-
vals, the Neogene is marked by an excellent fossil record of freshwater
ecosystems in Europe. Particularly the mollusc faunas of the Miocene
and Pliocene periods are well-documented by many hundred taxonomic
studies published over the last 200 years and provide a comprehensive
data basis. A recent effort to list all valid species-group taxa of freshwater
gastropods of the European Neogene yielded over two thousand names
(Neubauer et al., 2014a, b). The high species numbers are especially
inﬂuenced by long-lived lake systems, like the Late Miocene Lake
Pannon or the Early–Middle Miocene Dinaride Lake System, which
harboured rich and highly endemic mollusc faunas and were centres
of isolated evolution (e.g., Magyar et al., 1999; Geary et al., 2000;
Wesselingh, 2007; Harzhauser and Mandic, 2008; Neubauer et al., 2011,
2013a–c).
For the present studywe incorporated all available data for freshwa-
ter gastropod faunas from the literature to establish a pan-European
biogeographic framework for the Neogene (Fig. 1). Statistical analyses
on the gastropod species compositions of 146 fossil freshwater bodies
are performed to test for biogeographic clustering, general family-
level composition, degree and variation of endemicity, and spatial rela-
tionships. To our knowledge such a study has never been conducted
before for fossil freshwater faunas at the European scale.
2. Methods
The present study is based on extensive literature research: 410
publications on European Neogene freshwater gastropod faunas
were acquired and evaluated. In total 2226 species-group taxa(species and subspecies) from over 2700 localities were included
for the entire Neogene period (23.03–2.588 Ma; Gradstein et al.,
2012; Fig. 2). Although the general geographic frame is Europe we
also integrated Turkey and marginal territories of Azerbaijan,
Georgia, and Kazakhstan, because these regions accommodate
closely related gastropod faunas and the palaeogeographic units
studied do not end at the political boundaries of modern Europe.
The data were not simply uncritically adopted but were checked by
taxonomic specialists (T.A.N., M.H., O.M., and several colleagues
mentioned in the acknowledgments). Uncertain records and obvious
misidentiﬁcations were excluded as far as possible. Taxonomic
history was also considered: changes to faunal lists by revisions
of earlier works were implemented accordingly. Moreover, the sys-
tematics of all taxa was updated according to latest published
concepts (Neubauer et al., 2014a, b). Thereby the comparability of
the taxonomic units is guaranteed. To obtain a sound temporal
framework, all the stratigraphic ages of the localities were checked
and updated where necessary, following latest published concepts.
Localities were grouped into freshwater palaeoenvironments,
i.e., lakes (majority), wetlands, rivers, and brackish embayments.
Data from marginal settings of marine environments, i.e., in-washed
from tributary rivers, were included as well, since they characterise
the fauna of the adjacent hinterland. For some systems no predeﬁned
names were found in the literature and they are named herein (usually
after the largest village/city in the respective basin or the prevailing
usage of the basin name in the geological literature). The apparent
data insufﬁciency in certain regions is largely not due to research bias
but is a result of geological history and lack of deposits. Especially
north of c. 52° latitude no surface outcrops exist as they have been
eroded by the advancing ice shield during the Pleistocene (e.g., Molnar,
2004; Sternai et al., 2012).
2.1. Distinction of palaeobiogeographical units
Prior to the cluster analysis we tested the relevance of the
dataset, i.e., that species are not independently distributed across
palaeoenvironments. We divided the presence–absence matrix into
equal halves, randomly distributing the taxa. For each of the two new
matrices a principal components analysis (PCA) was computed. For
each analysis a Euclidean distance matrix was calculated from the
scores of the ﬁrst two components. The correlation of both matrices
was tested by applying a Mantel test (Mantel, 1967). If the data are
biogeographically structured, a strong relationship between bothmatri-
ces can be expected (Reyjol et al., 2007).
For the cluster analyses, systems with one species only as well as
species occurring in only one system (single-system endemics; com-
pare Triantis et al., 2008) were excluded as any clustering would be
arbitrary; this concerns 48 systems. Long-lived palaeoenvironments
that underwent radical environmental and therefore faunistic
changes (like the Dacian or Aquitaine basins) were subdivided into
faunistically more sensible units that reﬂect the different environ-
mental stages of the respective systems more accurately. This
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Fig. 1. Stratigraphic chart of the Neogene, including regional stratigraphic schemes for the Paratethys. The frame is a synthesis of several publications and thus sometimes a balanced com-
promise between different versions. The data basically derives from the following publications: Reichenbacher et al. (1998a, b, 2013), Magyar et al. (1999), Sacchi and Horváth (2002),
Krstić (2003), Popov et al. (2004, 2006), Piller et al. (2007), Harzhauser andMandic (2008), Prieto et al. (2009), Krijgsman et al. (2010), Vasiliev et al. (2011), Gradstein et al. (2012), Mag-
yar and Geary (2012), Andreescu et al. (2013), Stoica et al. (2013), and ter Borgh et al. (2013).
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636 gastropod species-group taxa providing sufﬁcient data to be
included into the analyses. The hierarchical clustering was divided
into two steps. First, the whole dataset of Miocene and Pliocene
systems was used to observe if and how robust palaeobiogeographic
groups are across time and how they are related. In order to guaran-
tee better temporal comparability of the clusters we divided
the dataset into four time slices, coinciding with stratigraphical
epochs and subepochs: Early Miocene (23.03–15.97 Ma), Middle
Miocene (15.97–11.62 Ma), Late Miocene (11.62–5.333 Ma), and
Pliocene (5.333–2.588 Ma) (Gradstein et al., 2012; Fig. 1). The
resulting presence–absence matrices were subjected to cluster
analyses using the group average algorithm and the Dice similarity
index. This index puts more weight on matches than mismatches
and is thus desirable for matrices with prevailing absences
(Hammer and Harper, 2006).The palaeogeographic maps were compiled after the palinspastic
maps provided by Popov et al. (2004, 2006). Since the presence of sea-
ways, arrangement of land masses, and courses of shorelines changed
through time, these four maps naturally represent approximations.
They should help to get an impression of the average land-sea conﬁgu-
ration and the geographic distribution of freshwater systems during the
respective time interval.
The terminology of the biogeographic units applied in this paper
follows the guidelines of the International Code of Area Nomenclature
(Ebach et al., 2008). The ranks ‘regions’, ‘dominions’, and ‘provinces’ are
assigned to retain a hierarchical structure. Deﬁning thresholds or ranges
of similarity or endemism for the biogeographic units is avoided
because it is highly arbitrary, moreover difﬁcult because of the
hierarchy, and depends on the unit's size. The deﬁnition of the units is
based on the results of the cluster analysis, the rate of endemicity, and
geographical coherence, while maintaining the hierarchical structure.
Fig. 2.Map of present-day Europe showing the distribution of Neogene localities with freshwater gastropods.
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The deﬁnition of the fossil freshwater environments proved difﬁcult
to some extent. For most of the freshwater environments at least
approximate reconstructions were available in the literature. Neverthe-
less, for very fewof themaccurate information on outline or surface area
existed.Where possiblewe reconstructed the outlines as precise as pos-
sible and drew polygons using Google™ Earth 7 and ESRI® ArcMap™
10.0 based on available reconstructions and distribution of sediments.
All polygons were ﬁnally imported into ArcMap to calculate centroids
and surface areas (using Behrmann projection), which were used for
the regressionmodels and the test for spatial autocorrelation. However,
not every freshwater environment could be reliably reconstructed,
either as a result of insufﬁcient data quality or for their status as open or
incoherent systems (e.g., Central Paratethyan lakes). Only geographically
delimitable systems such as lakes, wetlands, and brackish embayments
were considered. For 122 systems areas and centroid were calculated.
This number still covers the full range of size classes and stratigraphic
ages. Since inmany cases the polygonsmay reﬂect only rough estimations
of the actual fossil system,we log-transformed the surface area. This limits
the impact of small deviations of the outline distinctly. Moreover, by
transforming the data normal distribution can be guaranteed as well
(tested with Shapiro–Wilk test). Minor deviations of the outline would
affect the coordinates of the centroids only to a small extent; especially
on the large scale such deviations are insigniﬁcant.
Species–area relationships were tested by applying ordinary least
square regressionmodels for each time slice, predicting the species rich-
ness as a function of surface area. Like surface area, species richnesswas
log-transformed for issues of heteroscedasticity [log(x + 1) to over-
come null values; Reyjol et al., 2007]. Before comparing the faunas of
the biogeographic clusters and discussing the similarities and potential
implications, we tested for spatial autocorrelation in the dataset. If
present, geographic dependence of the variables implies data redundancy
and violates the assumptions of regression analyses (Poole and O'Farrell,
1971) and thus might reduce the meaningfulness of the interpretation.
Given the temporal discrepancies of the faunas, it would not bemeaning-
ful to apply the test on the whole dataset. Therefore, we performed the
test for the four time intervals separately. For each of them the Moran's
I statistic (Sokal and Oden, 1978) was computed on 12 predeﬁned dis-
tance classes for the untransformed species richness using the software
SAM4.0 (Rangel et al., 2010). TheMoran's I statistic is considered signif-
icant at absolute values higher than 1.96 (with p b 0.05).
All statistical analyses except Moran's I were performed in PAST
2.17c (Hammer et al., 2001).3. Results
3.1. Cluster analysis
TheMantel test applied to the Euclidean distance matrices obtained
from principal component scores from a randomly divided dataset
was highly signiﬁcant and indicated a strong biogeographical structure
in the data (r = 0.7642, p b 0.001, 5000 permutations). With this as
basis, the results of the cluster analysis of all Neogene freshwater gastro-
pod faunas allowed the clear distinction of palaeobiogeographic entities
(Suppl. Fig. 1). Although the cluster analysis naturally disregards strati-
graphic age or geographic position, the consistency of most clusters in
terms of age and time is remarkable. Apart from some outliers, most
groupings, like the late Early to Middle Miocene Dinaride Lake System,
the coeval Upper Freshwater Molasse and its derivatives, and the
Late Miocene to Pliocene descendants of the Paratethyan Sea, built
consistent and robust groups. Others, however, lack a more precise
structure and largely combine poorly understood and certainly also
partly misidentiﬁed faunas across time intervals. However, the limita-
tion of using the entire dataset for the interpretation is the problem of
comparability — systems widely separated by stratigraphical age are
not supposed to contain even a single species in common. Consequent-
ly, the higher-level clustering is rather low (around 5% similarity) and
has to be interpretedwith care. Low similarity values do not necessarily
imply insigniﬁcant clustering, butmay reﬂect a high degree of endemic-
ity (i.e., a low number of shared species). Also, a more detailed picture
on the subcluster level is not easily inferred from the complete dataset.
The separate analyses of the Early Miocene, Middle Miocene, Late
Miocene, and Pliocene provided amuch better resolution of the biogeo-
graphic units (Figs. 3–6).Moreover, despiteminor stratigraphical differ-
ences between systems within a time interval, the comparability in
terms of biogeography of the gastropod faunas is much increased. In
more detail, the analysis of the ﬁrst interval, the EarlyMiocene, resulted
in three groupings (Fig. 3). Theﬁrst comprises central European systems
with faunas typical of the early Upper Freshwater Molasse and the
Upper Brackish Water Molasse and related systems (similarity level:
20.6%). The second grouping comprises systems of western and central
Europe (29.1%). The third group involves two late Early Miocene lakes
of the Dinaride Lake System and is entirely isolated from the rest
due to its unique and highly endemic fauna (no faunal overlap at all,
similarity level of 0). The Swiss lake Fleurier and the Central Paratethys
(Badenian) could not be unambiguously assigned.
For the Middle Miocene six groupings can be distinguished (Fig. 4).
The faunas of the Upper Freshwater Molasse and their derivatives and
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Fig. 3. Cluster analysis of Early Miocene freshwater systems with indication of the biogeographic units referred to in the discussion. Note that these units are deﬁned based on the cluster
analysis, degree of endemicity, and geographic coherence. OBM — Upper Brackish Water Molasse; OMM — Upper Marine Molasse; OSM — Upper Freshwater Molasse. For the Upper
Marine Molasse the typical faunas of the so-called “Helicidenmergel” (Berger et al., 2005b; OMM 2) were separated from the rest (OMM 1). The Central Paratethys was divided into an
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102 T.A. Neubauer et al. / Earth-Science Reviews 143 (2015) 98–116those of the Dinaride Lake System remain well separated from the rest
(similarity levels of 25.6% and 25.0%, respectively). The third group
summarises systems fringing the Paratethys Sea in Austria, Hungary,
Czech Republic, and Romania (similarity level: 26.5%). The Aquitaine
Basin in southwestern France is an outlier to this group, based on ﬁve
shared species only. The fourth cluster comprises two environments
along the Alpine–Carpathian Foredeep plus the outlier Lake Vračević
in Serbia (37.2%). Additionally, twonewgeographic areaswith freshwa-
ter faunas appear on the European landscape, i.e., a cluster with lakes
in Greece and Turkey (22.7%), and a small, very robust cluster of Balkan
lakes in Serbia and Kosovo (85.6%). The grouping of the Eastern
Paratethys is only based on two shared species and does not form a
concise cluster with any other system.
The LateMiocene is faunistically by far the richest subepoch and can
be divided into ﬁve clusters,most of which allow amore detailed break-
down into smaller subclusters (Fig. 5). The ﬁrst cluster includes thehighly endemic lakes on the Balkan Peninsula (90.1%). Lake Sarajevo,
as part of the Dinaride Lake System, is based on two shared species
and groups apart. The second big grouping comprises the circum-
Aegean faunas in Greece, Turkey, and Bulgaria (4.1%). Two subclusters
may be distinguished, separating lakes of the Northern Aegean area
(14.3%) from the Southern Aegean area (22.0%). The third group corre-
sponds to the peri-Mediterranean faunas of Italy, France, Spain, and
southern Greece (13.4%). This largely involves the typical ‘Lago-mare’-
event faunas of the Late Messinian, all of which group together. The
subordinate clustering allows a separation of the Italian faunas (34.0%)
from the rest (including Sicily; 16.9%). The fourth cluster (7.2%) is
characterised by two quite dissimilar subclusters. The ﬁrst one com-
prises the highly endemic faunas of derivatives of the Paratethys
(17.6%), while the second conﬂates Aegean systems (21.9%). The ﬁfth,
geographically very coherent cluster unites all the inland faunas of
western Europe (16.1%). The subordinate clustering even supports the
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103T.A. Neubauer et al. / Earth-Science Reviews 143 (2015) 98–116distinction of France from the Iberian peninsula (69.1%). The outlier
Dumlupınar-Siçanli is based on only two shared species, one of which
is typical for the Aegean–Anatolian area, while the other one was de-
scribed from central Europe. The fauna of this system probably requires
taxonomic revision to clarify this discrepancy.
Finally, the Pliocene freshwater faunas can be subdivided into ﬁve
large groupings, some of which can be further subdivided (Fig. 6). The
ﬁrst includes Paratethyan and Pannonian offshoots, e.g., Lake Dacia,
Lake Transylvania, and Lake Slavonia, aswell as LakeMetohia in Kosovo.
However, the internal similarity within this group is rather low (6.4%).
The analysis suggests the distinction of three concise subclusters, corre-
sponding to a geographical separation of a central (Croatia, Romania;
40.6%), eastern (S Ukraine, Georgia; 25.0%), and southern part (Kosovo,
northeastern Turkey; 18.1%). The second large group comprises central
Italian and Slovenian faunas (8.3%). The third group units systems along
the Rhône graben in southeastern France, the wetlands along the upper
Rhine in eastern France and the lower Rhine in western Germany,as well as a system in northwestern Italy (28.6%). All of these are
characterised by the presence of typically Recent species. The fourth
group corresponds to the South Aegean area (16.2%) and may be
subdivided into a southwestern part (Corinth Isthmus; 28.5%) and
southeastern part (Rhodes, Kos; 47.2%). The ﬁfth group units systems
along the North Aegean Sea in Greece, Turkey, and Bulgaria (21.1%).
The analysis allows the geographic distinction of the Central Aegean
(36.6%) andAnatolian (48.5%) regions from the remainingNorth Aegean
area (only Lake Soﬁa in Bulgaria, 21.1%).
3.2. Faunal composition
A total number of 2226 species and subspecies for the European
Neogene lacustrine gastropod faunas were covered. The by far most
dominant family is the Hydrobiidae with 674 valid species-group
taxa (30.3%), followed by the Melanopsidae (14.7%), the Planorbidae
(12.1%), the Viviparidae (9.9%), the Lymnaeidae (8.6%), the Neritidae
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104 T.A. Neubauer et al. / Earth-Science Reviews 143 (2015) 98–116(8.6%), and the Valvatidae (5.4%). The remaining 12 families each
comprise less than one hundred taxa or 3%. The high species numbers
are particularly inﬂuenced by long-lived lake systems, like the Late
Miocene Lake Pannon (605), the Pliocene lakes Dacia (244) and
Slavonia (163), and the Late Miocene Black Sea depression (133)
(Suppl. Tables 1, 9, 10). However, the community composition dif-
fered across time, regarding both the absolute gamma diversities as
well as the relative abundances on the family level (Fig. 7). The
most distinct trends are the relative decline of hydrobiids (from 32.9
to 19.3%) at theMiocene–Pliocene boundary and, in contrast, the strong
rise of viviparids (from 6.7 to 22.5%). Additionally, the continuous
decline of lymnaeids and planorbids and the rise of melanopsids can
be observed.The degree of endemicity increased over time. While the Early and
Middle Miocene are characterised by comparably low values of 70.3%
and 72.2% (percent of total sum of single-system endemics against
total gamma diversity per time slice), the Late Miocene and Pliocene
show distinctly higher values (84.1% and 79.0%).
3.3. Spatial relationships
The logarithmised surface area of 122 freshwater systems is normal-
ly distributed (Shapiro–Wilk test, W=0.99, p= 0.589). The regression
models to predict local species richness as a function of surface area are
signiﬁcant only for the Late Miocene (r2 = 0.456, p b 0.001; slope:
0.309) and Pliocene (r2 = 0.194, p = 0.019; slope: 0.303) (Fig. 8). For
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indicates spatial autocorrelation.
4. Discussion
4.1. Deﬁnition of palaeobiogeographical units
The cluster analyses clearly show the presence of distinct biogeo-
graphic entities for the European freshwater Miocene and Pliocene
deposits. To our knowledge this has never been demonstrated before.
While several studies address the biogeographic classiﬁcation of mod-
ern European freshwater communities (Illies, 1967, 1978; Reyjol et al.,
2007; Abell et al., 2008), the only similar approach for the Cenozoic
was presented by Harzhauser and Mandic (2008), who showed differ-
ences of the gastropod faunas of 12 selected central and southeastern
European lakes of theNeogene. Other studies on the palaeobiogeographyof that time period focus on geographically more restricted compari-
sons (e.g., Esu, 1980, 2007) or on the marine or terrestrial realms
(e.g., Harzhauser et al., 2002; Fortelius et al., 2003; Harzhauser et al.,
2007; Perrin and Bosellini, 2012). One important factor, however, is
not covered by the cluster analyses and that is the rate of endemicity.
Species that are conﬁned to a single system cannot contribute to the
clustering and were thus excluded. Still, the rate of endemicity is one
of the most important factors for distinguishing biogeographic entities
(e.g., Whittaker and Fernández-Palacios, 2007; Albert and Reis, 2011;
Briggs and Bowen, 2012). The following deﬁnition of biogeographic
units (Table 1) is therefore based on 1) the faunal similarities indicated by
the cluster analysis, 2) thedegree of endemicity, and3) geographical coher-
ence. For each time interval the biogeographic units are mapped
(Figs. 9–12) and their appearances and disappearances related to
palaeogeographic events. Although thepresent study focusesongastropods
only, the large-scale faunal differences and the underlying events that
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106 T.A. Neubauer et al. / Earth-Science Reviews 143 (2015) 98–116originally caused these distribution patterns have certainly affected also
other groups of freshwater animals. Therefore, the palaeobiogeographic
units deﬁned herein may be applicable for these as well.
4.1.1. Early Miocene
For the Early Miocene we witness a relatively low degree of provin-
cialism in our data (Fig. 9). To some extent this is inﬂuenced by the data
scarcity for western and eastern Europe. Nevertheless, the available
freshwater faunas can be divided into three palaeobiogeographic
regions, i.e., the Peri-Paratethyan, the Central-West European, and the
Illyrian Region.
4.1.1.1. Illyrian Region. The faunal isolation of the Illyrian Region is mir-
rored in the geographic isolation of the Dinarian–Anatolian Island0.0 1.0 2.0 3.0 4.0 5.0 6.0
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Fig. 8. Ordinary least square linear regression of species richness onto surface area (see Me
representatives. The outlier for the Late Miocene is constituted by Lake Pannon, whose speciesduring the Early Miocene (Mandic et al., 2009). The lakes belonging to
this unit are part of the so-called Dinaride Lake System (Krstić et al.,
2003), comprising late Early to Middle Miocene intramontane freshwa-
ter lakes with high-diverse mollusc compositionsmostly resulting from
endemic evolution (Harzhauser and Mandic, 2008; Neubauer et al.,
2011; De Leeuw et al., 2012; Neubauer et al., 2013a, c). This restricted
development is already noticeable in the EarlyMiocene (no faunal over-
lap with other lakes) and reﬂects its palaeogeographically isolated situ-
ation. TheHungarian LakeMecsek (Wenz, 1931) is considered to belong
to the Illyrian Region based on its position at the northernmargin of the
Drava Basin and south of the Mid-Hungarian tectonic line (Csontos and
Nagymarosy, 1998). During the late Early Miocene and early Middle
Miocene, that line represented the northern boundary of the continen-
tal depositional system of the southern Pannonian Basin and the0.0
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richness (605 spp.) is a magnitude above the average.
Table 1
List of biogeographic units deﬁned in this paper with indication of percentage of endemic taxa.
Time
interval
Region Dominion Province %
endemism
Early Miocene
Illyrian 97.30
Peri-Paratethyan 82.02
Central-West European 87.29
Middle Miocene
Illyrian 91.84
Balkan 98.36
Peri-Paratethyan 72.92
Aegean–Anatolian 87.88
North European 60.42
Central-West European 63.39
Late Miocene
Illyriana
66.67
Balkan 94.64
Peri-Paratethyan 94.92
Peri-Mediterranean 82.18
Central Peri-Mediterranean 80.72
Peri-Mediterranean 52.00
Aegean–Anatolian 72.07
Northwest Aegean 50.00
Central Aegean 64.29
South Aegean–Anatolian 74.19
West European 73.00
Atlantic 57.81
Iberian 59.18
Pliocene
Peri-Paratethyan 97.79
Central Peri-Paratethyan 92.16
East Peri-Paratethyan 79.71
South Peri-Paratethyan 77.27
Peri-Mediterranean 84.00
Aegean–Anatolian 90.43
North Aegean–Anatolian 68.75
Central
Aegean
37.50
Anatolian 80.00
South Aegean 87.38
Southwest
Aegean
51.61
Southeast
Aegean
87.34
West European 86.75
a For the Late Miocene the Illyrian Region is shaded in grey, since it is only poorly supported by the analysis (for details see Discussion).
107T.A. Neubauer et al. / Earth-Science Reviews 143 (2015) 98–116Dinarides (Mandic et al., 2012). The term Illyrian derives from the
bioprovince name of the region introduced by Mandic et al. (2012).
The delimitation of the other two regions ismore problematic, partly
resulting from stratigraphical differences, partly from faunal similarities
that might be expected for geographically close systems.
4.1.1.2. Central-West EuropeanRegion. It includes the faunasof theAquitaine
and Paris basins in France, the North Bohemian Rift in the Czech Republic,
and the Upper Rhine Graben in Germany (e.g., Cossmann and Peyrot,
1919; Kadolsky, 2008; Harzhauser et al., 2014a). Additionally, some of
the Aquitanian peri-marine faunas of the Western Paratethys in
Switzerland and southernGermany are included in that cluster, forming
the overlap with the Peri-Paratethyan region.
4.1.1.3. Peri-Paratethyan Region. This region largely comprises faunas
surrounding the Central Paratethys during the Burdigalian, located in
today's Austria, Hungary, southern Czech Republic, southern Poland,
southern Germany, and Switzerland (e.g., Schlickum, 1964, 1966,
1970a–c, 1976; Kadolsky and Piechocki, 2000; Kókay, 2006; Moseret al., 2009). Interestingly, also a fauna of northeastern Spain shows
faunal similarities with the Peri-Paratethyan Region. This discrepancy
is probably rooted in taxonomic uncertainties and requires reinves-
tigation. Despiteminor geographical incoherence, the faunal distinction
of the two regions perfectly reﬂects the palaeogeographical separation
of the Paratethys as own region with a largely isolated evolution
(Harzhauser et al., 2002, 2007; Rasser et al., 2008). This huge intercon-
tinental sea covered large parts of central and eastern Europe and
reached from the Rhône Basin in France to Turkmenistan during the
Aquitanian to the Early Burdigalian (Rögl, 1999; Popov et al., 2004).
The biogeographical separation was already proposed by Harzhauser
et al. (2007) for the marine realm and can be now extended towards
the surrounding freshwater systems.
4.1.2. Middle Miocene
For the Middle Miocene the picture is much clearer. Coinciding with
the restriction of the Paratethys Sea, particularly the retreat of its west-
ern part (Popov et al., 2004), the faunas show a much higher degree of
provincialism. Six biogeographic regions can be distinguished (Fig. 10).
Fig. 9. Palinspasticmap for the EarlyMiocenewith indication of palaeobiogeographic units (modiﬁed after Popov et al., 2004). Palaeogeography of the Upper Rhine Graben emended after
Berger et al. (2005a). Outlines are drawn after palaeogeographic reconstructions or sediment distributions. Faunas of freshwater systems fringing the Central Paratethys do not form a
homogenous palaeogeographic entity. They are based on too many localities to be clearly indicated on the map. Abbreviations: 1 — Vallès-Penedès (m); 2 — Vilanova i la Geltrú (m);
3 — Aquitaine (m); 4 — Lower Rhône (m); 5 — Limagne (l); 6 — Paris (m); 7 — Lower Rhine (w); 8 — Mainz (b); 9 — Upper Rhine Graben (b); 10— Hanau–Wetterau (b); 11— Rhoen
(l); 12 — Sokolov–Cheb (l); 13 — North Bohemian Lake (l); 14 — Sainte-Croix (l); 15 — Fleurier (b); 16 — Courtelary (b); 17 — Moutier (l); 18 — Delemont (b); 19 — Laufen (l); 20 —
Upper Marine Molasse (m); 21— Upper Marine Molasse (‘Helicidenmergel’) (m); 22— Öpﬁngen (l); 23 — Thalﬁngen (w); 24— Oggenhausen (l); 25— Upper Brackish Water Molasse
(b); 26—Upper FreshwaterMolasse (w); 27— Sandelzhausen (w); 28— Bavarian Rzehakia (b); 29—Moravian Rzehakia (b); 30— Bełchatów (l); 31— Korneuburg (f); 32— Bakony (l);
33—Mecsek (l); 34—Glina (l); 35— Bihać-Cazin (l); 36— Pag (l); 37—Udbina (l); 38— Sarajevo (l); 39—Mostar (l); 40— Trijebine (l). Environments are characterised as: b— brackish;
f — ﬂuviatile; l — lacustrine; m — marginal marine; w — wetlands; u — unknown.
Fig. 10. Palinspastic map for the Middle Miocene with indication of palaeobiogeographic units (modiﬁed after Popov et al., 2004). Outlines are drawn after palaeogeographic reconstruc-
tions or sediment distributions. Faunas of freshwater systems fringing the Central Paratethys do not form a homogenous palaeogeographic entity. They are based on toomany localities to
be clearly indicated on the map. Abbreviations: 1— Quintanela (u); 2— Ebro (l); 3— Aquitaine (m); 4— Armagnac (w); 5— Loire (m); 6— Digne-Valensole (f); 7— Le Locle (l); 8— Jura
(l); 9 — Hinterried (l); 10— Randeck Maar (l); 11— Steinheim (l); 12 — Nördlinger Ries (l); 13— Upper Freshwater Molasse (w); 14 — Hanau–Wetterau (l); 15— Hohenzell (u); 16 —
Lavant (w); 17— Rein (w); 18— Strassgang (w); 19— Gratkorn (f); 20—Groisenbach (l); 21— Bakony (l); 22— Alpine–Carpathian Foredeep (m); 23—Opole (l); 24— Zwierzyniec (u);
25— Fore-Carpathian Basin (u); 26— Eastern Paratethys (Spaniodon beds) (m); 27— Kherson–Odessa region (u); 28— Eastern Paratethys (Badenian) (m); 29— Sinj (l); 30— Drniš (l);
31—Knin (l); 32—Drvar (l); 33— Banja Luka (l); 34— Šipovo (l); 35—Kupres (l); 36— Prozor (l); 37—Konjic (l); 38—Gacko (l); 39—Vračević (l); 40— Serbia (l); 42—Dacia (m); 41—
Timok (l); 43—Metohia (l); 44— Skopje (l); 45—Aliveri-Kymi (l); 46— Chios (l); 47—Urla (l); 48—Harmancık (l); 49— Sandıklı (f); 50—Denizli (b). Environments are characterised as:
b — brackish; f — ﬂuviatile; l — lacustrine; m — marginal marine; w — wetlands; u — unknown.
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Fig. 11. Palinspastic map for the Late Miocene with indication of palaeobiogeographic units (modiﬁed after Popov et al., 2004). Pannonian area emended after Magyar et al. (1999). Out-
lines are drawn after palaeogeographic reconstructions or sediment distributions. Faunas of freshwater systems fringing the Eastern Paratethys and the Italian ‘Lago-mare’ assemblage do
not form a homogenous palaeogeographic entity. They are based on toomany localities to be clearly indicated on themap. The Illyrian Region is only poorly supported by the analysis and
represents the expiration of the Middle Miocene faunas of that region. Its incorporation into the present framework is only tentative (for details see discussion). Abbreviations: CPM —
Central Peri-MediterraneanDominion; NA—North AegeanDominion; CA— Central Aegean Dominion; SAA— South Aegean–Anatolian Dominion; 1— Lower Tagus (w); 2— São Teotónio
(l); 3—Duero (l); 4—Madrid (l); 5— Teruel (ﬂ); 6— Baix Llobregat (b); 7— Alcalà de Xivert (u); 8— Cabriel (l); 9— Ayora (u); 10— Valencia (u); 11— Granada (l); 12— Spanish ‘Lago-
mare’ (b); 13— Palma (b); 14— Bresse-Valence (f); 15— Lower Rhône (m); 16— French ‘Lago-mare’ (b); 17— Torino hills (b); 18— Volterra (b); 19— Casino (b); 20— Velona (l); 21—
Cinigiano–Baccinello (l); 22— Sicilian ‘Lago-mare’ (b); 23— Bełchatów (l); 24— Turiec (l); 25— Pannon (b); 26—Dacia (b, l); 27—Kherson–Odessa region (b); 28— Black Sea depression
(b); 29— Rioni Bay (b); 30— Kura Gulf (b); 31— Jazvina (l); 32— Kamengrad (l); 33— Posušje (l); 34— Sarajevo (l); 35— Kosovo (l); 36—Metohia (l); 37— Skopje (l); 38— Stanintsi
(w); 39—Katerini (b); 40— Thessaloniki (b); 41— Strimon (b); 42— Limni (w); 43—Markopoulo (l); 44—Athens (l); 45—Gythio (b); 46—Kythira (b); 47—Naxos (u); 48—Heraklion
(l); 49— Rhodos (l); 50— Kefalos (ﬂ); 51— Kos (east) (l); 52—Mytilini (ﬂ); 53—Denizli (b); 54— Cumaovası (l); 55—Dumlupınar-Siçanli (u); 56— Behramkale (u); 57—Marmara (f).
Environments are characterised as: b — brackish; f — ﬂuviatile; ﬂ — ﬂuvio- lacustrine; l — lacustrine; m — marginal marine; w — wetlands; u — unknown.
Fig. 12. Palinspasticmap for the Pliocenewith indication of palaeobiogeographic units (modiﬁed after Popov et al., 2004, 2006). Outlines are drawn after palaeogeographic reconstructions
or sediment distributions. Green areas represent brackish environments. Abbreviations: SPP— South Peri-ParatethyanDominion; NA—North Aegean Province; AN— Anatolian Province;
SWA — Southwest Aegean Province; SEA— Southeast Aegean Province; 1 — Lower Rhône (m); 2 — Valensole (m); 3 — Bresse (l); 4 — Palaeo-Rhine (f); 5 — Lower Rhine (w); 6 — East
Anglian Crag (m); 7— Villafranca (l); 8— Garfagnana (ﬂ); 9— Valdelsa (w); 10— Volterra (u); 11— Siena (f); 12— Tiberino (l); 13— Šoštanj (l); 14— Slavonia (l); 15— Transylvania (l);
16— Dacia (b, l); 17— Crimea (b); 18— Rioni Bay (b); 19— Terek Bay (b); 20— Soﬁa (l); 21—Metohia (l); 22— Ptolemais (l); 23— Strimon (ﬂ); 24— Preveza (f); 25— Limni (l); 26—
Corinth (ﬂ); 27—Megara (ﬂ); 28—Mesogea (u); 29— Pyrgos (w); 30— Sparta (l); 31—Marmara (l); 32—Bergama (u); 33—Kos (central) (ﬂ); 34—Kos (east) (f); 35—Rhodos (ﬂ); 36—
Eşen Çay (l); 37— Çameli (l); 38— Burdur- Tefenni (l); 39— Sandıklı (l); 40— Beyşehir-Seydişehir (l); 41—Ankara (u). Environments are characterised as: b— brackish; f—ﬂuviatile;ﬂ—
ﬂuvio-lacustrine; l — lacustrine; m — marginal marine; w — wetlands; u — unknown.
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110 T.A. Neubauer et al. / Earth-Science Reviews 143 (2015) 98–1164.1.2.1. Illyrian Region. Like for the Early Miocene, the Illyrian Region,
comprising lakes of the Dinaride Lake System, stayed well separated
by virtue of its geographic isolation and highly endemic fauna.
4.1.2.2. Balkan Region. Additionally, another system developed in
the zone of tectonic collision between the Dinarides and Southern
Carpathians, restricted to southern Serbia and Kosovo (Schmid et al.,
2008; Matenco and Radivojević, 2012). Like the Illyrian Region, this
new region is characterised by a high degree of endemic evolution
(e.g., Pavlović, 1931, 1932; Milošević, 1962; Popović, 1964, 1970;
Atanacković and Stevanović, 1990). Interestingly, the two close and
coeval regions share very few taxa and are thus best treated as separate
biogeographic entities. Mandic et al. (2012) previously treated them as
constituents of the same bioprovince based on similar bivalve faunas.
4.1.2.3. Central-West European Region. Due to the retreat of the Western
Paratethys in the late Early Miocene, a new freshwater environment
developed in theNorthAlpine ForelandBasin, the so-calledUpper Fresh-
water Molasse. In the Middle Miocene, this environment harboured
an important, well-studied fauna (Schlickum, 1976; Dehm et al.,
1977; Rasser et al., 2013), which was distributed across whole central
Europe and small parts of western Europe (Noulet, 1854; Gottschick,
1921; Fischer, 2000; Harzhauser et al., 2014b). The evolving fauna is
characterised by the presence of few but typical, ubiquitous species.
The inclusion of a Portuguese system, into this region may result from
taxonomic errors or insufﬁcient data for western Europe. Such incoher-
ence cannot be solved at present, and this is why thewestern boundary
of this region remains questionable.
4.1.2.4. North European Region. This entity is largely based on the rich
fauna of the Fore-Carpathian Basin (Łomnicki, 1886; Gozhik and
Prysjazhnjuk, 1978). Again, an outlier is present in this small cluster,
the Serbian Lake Vračević. The afﬁliation of its fauna with the North
European Region remains uncertain and may be a result of poor taxon-
omy. Because of this presumed taxonomic bias, we exclude it from the
biogeographic classiﬁcation.
4.1.2.5. Peri-Paratethyan Region. The region largely matches with the
palaeogeographic boundaries of the Paratethys and comprises freshwa-
ter faunas surrounding the Central and Eastern Paratethys in today's
Austria, Czech Republic, Hungary, and Romania. The Aquitaine Basin
displays an outlier to this cluster, based on 5 species only.
4.1.2.6. Aegean–Anatolian Region. The sixth region covers the Aegean–
Anatolian area, which formed a land barrier between the Proto-
Mediterranean and the Paratethys (Rögl, 1999; Popov et al., 2004).
The faunas show similarities to the Central-West European Region,
but interestingly none to the closer Illyrian and Balkan regions (Schütt
and Besenecker, 1973; Schütt and Kavuşan, 1984; Schütt, 1994).
4.1.3. Late Miocene
The Late Miocene faunas show a high degree of provincialism and
can be divided into six biogeographic regions (Fig. 11).
4.1.3.1. Peri-Paratethyan Region. The certainly biggest impact on
European freshwater biodiversity was the development of Lake Pannon
in the Pannonian Basin at the beginning of that period (Magyar et al.,
1999; Müller et al., 1999; Harzhauser et al., 2004, 2007; Harzhauser
and Mandic, 2008; ter Borgh et al., 2013). During its extremely long
duration of more than six million years it accommodated over 600,
mostly endemic species-group taxa of gastropods. Because of this highly
diverse and endemic fauna (73.6%) one might consider Lake Pannon
as discrete biogeographical unit. A similar approach was pursued by
Abell et al. (2008), who demarcated single, highly diverse and endemic
lakes as separate biogeographic ecoregions. Despite its unique gastro-
pod fauna, Lake Pannon shows a typical afﬁliation to the other Peri-Paratethyan faunas of the Dacian Basin and the Eastern Paratethys, alto-
gether constituting the Peri-Paratethyan Region.
4.1.3.2. Balkan Region. The Balkan Region, established since the Middle
Miocene, still existed during the LateMiocene and forms a concise clus-
ter due to its highly endemic fauna.
4.1.3.3. Peri-Mediterranean Region. The third region comprises the
typical late Messinian ‘Lago-mare’ and related faunas in Spain, France,
Italy, and Greece surrounding the Proto-Mediterranean. During the
Late Messinian, the Proto-Mediterranean Sea is strongly restricted as a
result of a hydrological cut-off from the Atlantic Ocean resulting in
widespread evaporite precipitation and a decrease in Mediterranean
sea level (Messinian Salinity Crisis; Krijgsman et al., 1999; Popov et al.,
2006; Krijgsman et al., 2010; Garcia-Castellanos and Villaseñor, 2011).
The successive freshwater–brackish to marine deposits are commonly
referred to as ‘Lago-mare’ as coined by Ruggieri (1962) and have been
reported from the entire Mediterranean basin (Cipollari et al., 1999;
Esu, 2005; Carnevale et al., 2006; Esu, 2007; Carnevale et al., 2008;
Guerra-Merchán et al., 2010; Do Couto et al., 2014). The gastropod as-
semblages reported from these deposits are characterised by throughout
similar compositions and together constitute a well-deﬁned biogeo-
graphic region. It can be divided into a Central Peri-Mediterranean
Dominion, only including mainland Italian ‘Lago-mare’ deposits, and a
Peri-Mediterranean Dominion, encompassing Spanish, French, Sicilian,
and Greek environments.
4.1.3.4. Aegean–Anatolian Region. The region splits up in the cluster
analysis, distinguishing the central Aegean lakes from the rest. For the
central Aegean lakes a close afﬁnity to the Peri-ParatethyanRegion is in-
dicated, while both the northwestern and southern Aegean show closer
relationships to the Peri-Mediterranean. This discrepancy is currently
not fully understood and could be at least partly inﬂuenced by taxonom-
ic biases. On the other hand, it might be a result of local immigration
events and faunal mixture, hindering a better resolution in the analysis.
At present the Aegean–Anatolian Region may be divided into three
dominions, i.e., the North Aegean, the Central Aegean, and the South
Aegean–Anatolian Dominion.
4.1.3.5. West European Region. The remaining western European faunas
form a robust group, which is well-separated from the rest. It can be
divided into an Iberian and an Atlantic Dominion.
With the retreat of theUpper FreshwaterMolasse and its derivatives
north of the Alps, the Central-West European Region disintegrated. The
lack of mollusc-bearing freshwater deposits in this area excludes inte-
gration into the biogeographic framework; consequently, this area re-
mains blank on the map.
The Illyrian Region started to disintegrate with the onset of the Late
Miocene, due to the retreat of theDinaride Lake System(De Leeuwet al.,
2011, 2012). Remnants such as Lake Sarajevo comprise poor faunas that
do not show clear biogeographic clustering. Nevertheless, the faunas
show high similarities to and are direct descendants of the Middle
Miocene faunas of the Illyrian Region (as indicated by the cluster analy-
sis of the complete dataset; Suppl. Fig. 1) and have nothing in common
with coeval lakes of other regions. They represent the expiration of the
Illyrian Region. As this is poorly supported by the analysis, we only ten-
tatively include it in the present framework.
4.1.4. Pliocene
After the re-establishment of normal marine conditions in the
Mediterranean Sea following the Zanclean ﬂood at 5.33 Ma (Garcia-
Castellanos et al., 2009) the continent constellation approached the
present situation. The Black Sea became isolated from theMediterranean,
but still offered hydrological connections to the Dacian Basin and the
Caspian depression (Popov et al., 2004, 2006). For the Pliocene, four bio-
geographic regions can be distinguished (Fig. 12).
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the Peri-Paratethyan region. The analysis and endemicity rates allow a
subdivision into a Central Peri-Paratethyan (corresponding to the former
Central Paratethys area), a South Peri-Paratethyan, and an East Peri-
Paratethyan Dominion. The former Balkan Dominion is now included
in the South Peri-Paratethyan Dominion, probably reﬂecting increased
faunal exchange.
4.1.4.2. Peri-Mediterranean Region. This unit became restricted to
northern Italy and Slovenia and comprises highly endemic faunas
of intramontane lakes (Esu and Girotti, 1975; Brezigar et al., 1985; Esu
and Girotti, 1991; Esu et al., 2001). The cluster analysis of the whole
dataset conﬁrms a close relationship of these faunas with the ‘Lago-
mare’ assemblages (Suppl. Fig. 1).
4.1.4.3. Aegean–Anatolian Region. For this region the situation is much
clearer than for the Late Miocene. It can be divided into two entities: a
North Aegean–Anatolian Dominion and a South Aegean Dominion.
This palaeogeographic separation is mirrored in the largely isolated
faunal evolution. As indicated by the analysis of the whole dataset, the
northern part shows higher afﬁnities to the ancestral Late Miocene
faunas, while the southern part clearly derives from ‘Lago-mare’ assem-
blages. This perfectly matches with the palaeogeography of that area
and suggests the two dominions to correspond to completely separated
drainage areas. This is especially apparent for the lakes on the Greek
mainland. An even more detailed breakdown into provinces is sug-
gested by the cluster analysis. The separation of a Southwest Aegean
Province and a Southeast Aegean Province is well supported by the
data. The North Aegean–Anatolian Dominion can be subdivided into a
North Aegean Province and an Anatolian Province.
The grouping of Lake Soﬁa within the North Aegean–Anatolian
Dominion remains doubtful. It is based on ﬁve shared species, including
one wide-spread taxon, one species described from Lake Pannon, and
three alleged records of recent taxa. Because of the apparent taxonomic
uncertainties we tentatively exclude this lake from the biogeographic
classiﬁcation.
4.1.4.4. West European Region. Finally, the West European Region
persisted but became restricted to the Rhône and Rhine basins and a
northwest Italian system. For the Iberian peninsula not enough data is
available to be included into the analysis.
4.1.5. Outliers and limitations
The analysis of each time interval includes geographical outliers.
This incoherence is nothing unexpected as the data derives from
many hundred publications of different taxonomists and research pe-
riods. Although we implemented the data with care, a certain degree
of ‘taxonomic noise’ is inevitable. Therefore, some of the regions and
dominions are not perfectly deﬁned at present, e.g., the Late Miocene
Aegean–Anatolian region.More taxonomic revisions are required to set-
tle these unresolved questions in the future. Above that, many regions
are not covered by the data, as mollusc-bearing deposits were not pre-
served or are unstudied as yet. Additionally, some freshwater systems
cannot be unambiguously assigned to a unit (see Suppl. Table 1). The
boundaries between the affected palaeobiogeographic units may thus
not be precise.
A comparison of Pliocene with Pleistocene or Recent distribution
patterns is hindered by the lack of sufﬁcient data. There are no biogeo-
graphic regions deﬁned based on recent freshwater gastropods. The lat-
est source for a classiﬁcation of European freshwater faunas is Abell
et al. (2008), who deﬁned ecoregions based on the distribution of fresh-
water ﬁsh. Due to the superior sampling density of extant faunas their
model has amuch higher resolution. The ecoregionsmainly correspond
to large drainage systems which are mostly unknown for the fossil
record, severely hampering a sound comparison (exceptions to this
are provided by key studies on palaeo-drainage patterns, like Böhmeet al., 2012). Moreover, we lack information about the North European
faunas because of poor preservation. To our knowledge there is no pub-
lication dealing with this subject at all for the Pleistocene. These data
have yet to be collected and evaluated before a meaningful comparison
of past and present patterns is feasible. For the Neogene, in contrast, the
here studied dataset is considered to be sufﬁciently representative. The
next step to improve themodel will be the acquisition of new data from
poorly sampled regions and time intervals and/or thorough revisions.4.2. Faunal composition
The compositions of lacustrine gastropods differ across the four time
intervals with respect to several points: 1) the community composition
on the family level, 2) the species richnesses of the regions, and 3) the
average rate of endemicity per time interval.
In general, the relative family-level composition stayed rather stable
across all four time intervals (Fig. 7).Major excursions by single families
are presented by the Hydrobiidae, experiencing a strong decline at the
Miocene–Pliocene boundary (from 32.9 to 19.3%), and the Viviparidae,
which parallel show a strong rise (from 6.7 to 22.5%). Additionally,
Lymnaeidae and Planorbidae continuously decline, whileMelanopsidae
increase their relative abundance. Most of these tendencies result from
local endemic developments in long-lived lake systems. For example,
the rise of viviparids is related to the intralacustrine radiations in Lake
Dacia and Lake Slavonia during the Early Pliocene (e.g., Neumayr and
Paul, 1875; Brusina, 1902; Wenz, 1942; Lubenescu and Zazuleac, 1985),
together accounting for more than hundred endemic viviparid species
and subspecies.
A comparisonwith the present-day composition is difﬁcult. No eval-
uation of the European gamma diversities of extant freshwater gastro-
pod faunas exists and the available data on total number of species of
European freshwater snails are biassed by themany hundred hydrobiid
and moitessieriid spring snails (source: Fauna Europaea Project). Still,
we can discuss the most obvious tendencies and differences. Through-
out the Neogene, the family Melanopsidae was very dominant and
even increased its number of species over time. Particularly in the
long-lived Lake Pannon, Lake Dacia, and the lakes of the Dinaride Lake
System it played an important role and formed several independent en-
demic lineages (e.g., Geary, 1990; Glaubrecht, 1993, 1996; Bandel, 2000;
Geary et al., 2002;Neubauer et al., 2011, 2013b). The high relative abun-
dance of up to 16.9% contrasts the present pattern with only 18 species
for thewhole of Europe (1.7%). Similarly, the strong increase of viviparids
with a maximum in the Pliocene (22.5%) collapsed after the desiccation
of the respective lake systems around the Pliocene–Pleistocene transi-
tion. At present, the family includes ten species and subspecies for
Europe (1.0%). Obviously, these differences are mainly founded on the
varied compositions of the long-lived faunas of past and present lakes.
The two modern European long-lived lakes Ohrid and Caspia are typi-
cally dominated by hydrobiids and planorbids (Hauffe et al., 2011)
and hydrobiids (Kantor et al., 2010), respectively. Although both fami-
lies are very common in several Neogene lakes as well, they are not
the exclusively dominant families (e.g., Late Miocene Lake Pannon:
32.2% hydrobiids, 18.3% melanopsids, 16.4% planorbids; Late Miocene
Black Sea depression: 60.2% hydrobiids, 15.8% planorbids; Pliocene
LakeDacia: 33.6% viviparids, 15.6%melanopsids; Pliocene Lake Slavonia:
28.2% melanopsids, 23.9% viviparids).
Like the family compositions, the differences of the species richnesses
per region are strongly inﬂuenced by long-lived systems (Fig. 13).
The peak of the Peri-Paratethyan region in the Late Miocene (LM) and
Pliocene (PL) is largely constituted by the rich and highly endemic
faunas of Lake Pannon (LM: 605), Lake Slavonia (PL: 163), Lake Dacia
(LM: 115, PL: 244), and the Black Sea depression (LM: 133). This dispar-
ity is not present for the Early Miocene and to a lesser extent for the
Middle Miocene, where the long-lived systems were more equally dis-
tributed across the regions.
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Fig. 13. Species richnesses and number of endemic species per biogeographic region. For the Late Miocene the Illyrian Region, which is tentatively incorporated into the present
framework, is not included here, since it is only poorly supported by the analysis (for details see discussion).
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single-system endemics per time interval), with a shift from 72.1%
to 84.1% from the Middle to Late Miocene, again reﬂects the change
among long-lived systems. Particularly the development of Lake
Pannon in the Late Miocene, with 445 of 605 species being endemic,
strongly inﬂuenced the high number. For the Pliocene (79.0%), the
lakes Dacia, Slavonia, and Transylvania are the most important contrib-
utors. The increasing endemicity contrasts the Recent pattern with a
largely uniform gastropod fauna. Apart from few endemicity hotspots
like lakes Ohrid, Prespa, and Caspia (Kantor et al., 2010; Hauffe et al.,
2011; Albrecht et al., 2012), several compilation works imply that
most of the lacustrine faunas usually share a rather restricted set of
ubiquitous species (e.g., Illies, 1978; Økland, 1990; Glöer, 2002;
Welter-Schultes, 2012). The discrepancy of past and present patterns
apparently roots in the Pleistocene glacial cycles. The repetitive alterna-
tion of glaciation events and interglacials naturally strained the gastro-
pod faunas, which hardly had the opportunity to retreat in climatically
suitable refuges. So it is not surprising that most Pliocene species be-
come extinct in the Pleistocene and most Recent species date only
back to the Pleistocene. Additionally, most of the extant European
lakes are not older than 18,000 years (Albrecht et al., 2006). Hence,
the present distribution pattern is apparently very young, possibly pro-
duced by immigration of rather easily dispersed and ecologically unde-
manding species to geologically young lakes after the Pleistocene faunal
turnover. The here studied Miocene and Pliocene lake faunas often de-
rived from intralacustrine evolution over hundreds of thousands tomil-
lions of years, making a comparison with present distributions
inexpedient.4.3. Spatial relationships
Concerning their faunal evolution, lakes may be compared to islands
(e.g., Browne, 1981; Wesselingh, 2007). In both cases, geographical as
well as ecological constraints limit the migration of faunal elements
between single systems. In biogeographical and ecological studies, a
key pattern for explaining species richness is the species–area relation-
ship (Scheiner et al., 2000; Whittaker and Fernández-Palacios, 2007).
This general rule has been conﬁrmed bymany theoretical and empirical
studies (e.g., Aho, 1978; Eadie et al., 1986; Scheiner et al., 2000; Reyjol
et al., 2007; Hof et al., 2008; Franzén et al., 2012; Wagner et al., 2014).
Particularly for island faunas, species–area curves are steeper than
those constructed by subdividing mainland areas (Rosenzweig, 1995).
The slope z of the island species–area relationship (both logarithmised)
is a commonly used constant to determine its sensitivity (Whittaker and
Fernández-Palacios, 2007). In our case, the z-values for the LateMiocene
(0.309) and Pliocene (0.303) fall exactly into the range given by
MacArthur and Wilson (1967) and Rosenzweig (2004) for islands.
Additionally, the value for the coefﬁcient of determination (r2 = 0.456)
indicates that a large part of the species richness of the Late Miocene
can be explained as a function of surface area (Fig. 8). For the Pliocene
(r2 = 0.194), the relationship is obviously less sensitive. In contrast, no
such relationship can be veriﬁed for the Early and Middle Miocene. This
discrepancy is rooted in varied size and persistence of long-lived systems.
The Late Miocene and Pliocene are characterised by the presence of very
large, particularly long-lived systems (e.g., Lake Pannon, Lake Dacia),
which harbour very rich and highly endemic gastropod faunas. Such
strong gradients of lake size and according species richness within a
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the stronger tectonic activity during that time interval (Rasser et al.,
2008) hindered the formation of very large and particularly long-lived
lakes. For both time slices, the number of large systemswith high species
richness is comparably low, while in turn several small lakes accommo-
date rich faunas (e.g., lakes Bakony, Sinj, Drniš, Aquitaine Basin, and
Hanau–Wetterau Basin).
For the Early andMiddle Miocene, a different parameter might have
contributed to the varied species richnesses. One factor often neglected
in studies on modern faunas is time. It has been empirically shown that
the longevity of a lake has a signiﬁcant impact on species richnesses.
Long-lived lakes are particularly prone to endemic evolution and so can
accumulate species numbers above the common average. For many re-
cent long-lived systems, high degrees of endemicity, usually also accom-
panied by high alpha diversities, have been demonstrated (e.g., Michel
et al., 1992; Wesselingh, 2007; Albrecht and Wilke, 2008; Hauswald
et al., 2008; Albrecht et al., 2009; Schultheiss et al., 2009; Anderson
et al., 2010; Hauffe et al., 2011; Schreiber et al., 2012). In contrast to the
situation today, the number of long-lived European lakes was by far
higher in the Neogene. For the Early Miocene, at least 12, and for the
Middle Miocene, at least 24 systems are considered to be long-lived
(Schütt and Besenecker, 1973; Arp, 2006; Kókay, 2006; Harzhauser and
Mandic, 2008; Wesselingh et al., 2008; Mandic et al., 2009; Dragičević
et al., 2010; De Leeuw et al., 2011; Neubauer et al., 2011; Krstić et al.,
2012; Neubauer et al., 2013a, c; Rasser, 2013a, b; Reichenbacher et al.,
2013), i.e., they existed over more than 100,000 years (Gorthner,
1994). These were geographically muchmore evenly distributed across
Europe than today. Althoughmost of them are found on the Balkan pen-
insula (Bosnia and Herzegovina, Croatia, Kosovo, andMacedonia), some
existed also in the Czech Republic, France, Germany, Greece, Hungary,
Romania, and Turkey. Therefore, it is most likely that for many of them
the prolonged existence promoted the accumulation of the rich faunas,
while lake surface area played a lesser role. This factor certainly contrib-
uted to the varied species richnesses of the LateMiocene and Pliocene as
well. For only few long-lived lakes reasonably precise duration times
are available, and therefore this hypothesis cannot be statistically tested
at present. Nevertheless, the current pattern as well as published data
argues for an inﬂuence of ecosystem longevity on species richness.
More detailed studies have to be carried out to reveal the degree of this
relationship.
5. Conclusions
For theﬁrst time a palaeobiogeographical framework is proposed for
the freshwater environments of the Neogene period. The varied distri-
butions of freshwater gastropods allow the classiﬁcation of Europe
into biogeographic regions, dominions, and provinces. For the Early
Miocene, a low degree of provincialism is shown by the data, suggesting
a demarcation of three regions. The Middle Miocene was characterised
by a higher degree of provincialism, marked by the development of
many endemic systems on the Dinarian–Anatolian Island and in central
Europe. Six biogeographic regions could be deﬁned. With the onset of
the Late Miocene the retreat of the Central Paratethys and development
of the huge Lake Pannon had strong impact on the faunal evolution and
biogeography of freshwater gastropods. Additionally, the formation of
the ‘Lago-mare’ environment fringing the Mediterranean Basin as well
as the development of several restricted freshwater systems in western
Europe promoted biogeographic division. The increasing provincialism
allows the delimitation of six biogeographic regions, three of which
can be subdivided into altogether seven dominions. At the Miocene–
Pliocene boundary many of these former, high-diverse systems
vanished. Particularly the extinction of Lake Pannon and the decline of
western European and Mediterranean faunas shifted the biodiversity
hotspots towards eastern and southeastern Europe. Especially in the
Aegean–Anatolian area many new freshwater systems developed,
showing a high degree of provincialism. Four biogeographic regions,ﬁve dominions, and four provinces could be distinguished for the
Pliocene.
The overall trend for the entire Neogene period is the rising degree
of provincialism. Despite being certainly inﬂuenced by preservational
biases, the number of freshwater systems increased through time. Par-
ticularly the number of large, long-lived systems increased towards
the younger time intervals. These systems proved to be decisive for
most of the biogeographic classiﬁcations and faunal differences. The
large-scale changes of the community composition on the family level,
differences of the relative species richnesses per biogeographic regions
and the rising rate of endemicity are all largely controlled by the varied
presence of long-lived lakes. The underlyingmechanism for this pattern
is the ongoing continentalization of Europe triggered by the Alpidic oro-
genesis and the simultaneous retreat of the Paratethys sea. As shown by
the alternation of the biogeographic regions through time, the changing
shorelines of the Paratethys had a massive impact on the evolution of
the surrounding freshwater systems. The successive restriction of this
huge intercontinental sea from theMediterranean promoted the evolu-
tion of endemic freshwater faunas (see, e.g., Steininger and Wessely,
2000; Harzhauser et al., 2002; Piller et al., 2007 for discussions on the
changing evolutionary patterns in the marine realm). Resulting long-
lived systems like Lake Pannon, Lake Dacia or Lake Slavonia, persisting
over severalmillions of years, stimulated the evolution of highly diverse
and endemic faunas. With the present study we demonstrate the
marked impact of such systems on the faunal evolution and biogeo-
graphic patterns in general.
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